exhibits well applications in the topological elastic energy recovery and the highly sensitive sensing.
The topological phases of matter, primarily discovered in electronic systems, have significantly renewed our understanding of condensed matter physics, and recently have extended to classical wave systems, from optical and electromagnetic systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] to acoustic and elastic phononic systems [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The key property of the two-dimensional (2D) topological insulators (TIs) is the topologically protected one-dimensional (1D) gapless edge states which immunize against disorders and perturbations. Generally, there are two different mechanisms for the generation of topological edge states in timereversal invariant systems. The first one is the lattice deformation, based on which the double Dirac cone generated at Brillouin zone (BZ) center will open a bandgap. This bandgap is topologically nontrivial as the spin Chern number for a specific spin state is nonzero. The second one is the mirror-reflection symmetry breaking, based on which the Dirac cones generated at the BZ corners will open a bandgap. This bandgap, projected by valley-polarized states, is also topologically nontrivial. Recently, the coupling combination of pseudo-spin and valley states in photonic systems further enables the unidirectional edge propagation, the one-way Klein tunneling, and the topological corner polarization of electromagnetic waves [33] [34] [35] [36] [37] .
The higher-order topological insulators (HOTIs) is a new class of TIs which have been theoretically proposed in quantized electronic multipole systems [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . The topological phases of HOTIs are characterized by the bulk polarizations but not the integer topological invariants, going beyond the conversional bulk-boundary correspondence. The 2D HOTIs do not exhibit the 1D gapless edge states, but instead the zero-dimensional (0D) topological states on the "boundaries of boundaries". So far, the higher-order topological phases, stemming from the quantization of quadrupole moments, were experimentally realized in mechanical 48 and microwave systems 49 and electrical circuits 50 with ingeniously dimerized hopping, described by positive and negative couplings. Very recently, based on the skillful modulation of inter and intracell couplings, the higher-order topological states, expressing as the gapped 1D edge states and the topologically protected nontrivial in-gap 0D corner states, have been realized in conversional optical, acoustic and elastic systems [51] [52] [53] [54] [55] [56] [57] [58] . Here, a pseudospinvalley coupling mechanism will be developed to yield the multiple edge and corner states of elastic waves which are topologically-protected in a well-controlled manner.
Results
The phononic analogues of topological pseudospin and valley phases are uniformly realized on a simple elastic phononic crystal (PnC). The elastic PnC is fabricated by cutting hexagonal blocks from an acrylic plate. Cylindrical nickel-plated neodymium magnets are attached at nodes of the elastic PnC, being as additional masses (Fig. 1) . For the perfect elastic PnC without any perturbation, the gapless Hamiltonian will form the Dirac cones at the BZ corners (K and K') which are essentially protected by the mirror-reflection symmetry of the unit cell 27 . The mirror- In this paper, the lattice deformation and the mirror-reflection symmetry breaking will be simultaneously introduced in our elastic PnC. The photograph of the fabricated elastic PnC sample is illustrated in Fig. 3a sample. To confirm that the corner state here is topologically protected, we deliberately introduce defects by removing magnets at both sides of 20 nodes (marked by black circles in Fig. 3a) . Numerical results of eigenfrequencies marked by blue points in Fig.   3a show that the edge eigenmodes (the blue square points) and the corner mode (surround by the blue star) are well confined at the same frequencies, when compared with the fourth sample without defects. It is a convincing evidence that the edge states and the corner state of our pseudospin-valley coupled phononic TI exhibit a strong robustness to the moderate defects. By exciting the fourth elastic PnC sample with a vertical force at the crossing point (denoted by the green dot in Fig. 3a) , simulated displacement field profiles at different frequencies can be obtained (Figs. 4b-4e ). In Fig. 4b , when the frequency is 1684Hz, the elastic wave energy is well localized at the DW2 and DW3 of the elastic PnC sample with four types of DWs. Moreover, when the frequency is 1736Hz which is within the edge band of DW3, but outside of the edge band of DW2, the elastic wave energy is only localized at the DW3 (Fig. 4c) . When the frequency increases to 1792Hz between the edge states of DW3 and DW1, the topological corner state is excited (Fig. 4d) . The spatial exponential attenuation of the displacement field intensity clearly characterizes the topological corner mode. The gapped edge states in DW1 and DW4 are manifested at the frequency of 1890Hz (Fig. 4e ).
The measured edge transmission spectra of the fabricated elastic PnC sample ( Fig.   3a) are presented in Fig. 5a . Within the gap of the edge band of DW1, the spectrum (the blue curve) exhibits a very low transmission. On the contrary, a high peck, induced by edge state emerging in the frequency domain from 1892.3Hz to 1921Hz, is observed at 1990Hz. This result provides a strong evidence of the edge state of DW1. The edge transmission spectra of edge states of DW2 and DW3 exhibit simultaneously high transmissions from 1650Hz to 1721Hz. However, from 1722Hz to 1770Hz, the edge transmission spectrum of DW2 (the black curve) decreases sharply, while the edge transmission spectrum of DW3 (the red curve) is still high. This phenomenon is consistent with the edge bands shown in the simulations of Fig. 3c-3d . The corner transmission spectra of the fabricated elastic PnC sample (Fig. 3a) are presented in Fig. 5b. For the corner transmission spectrum without defects (the black curve), the peak is observed in the gap region among the edge bands. The measured corner transmission spectrum with defects by removing magnets at both sides of 20 nodes (marked by black circles in Fig. 3a) is presented by the red curve in Fig. 5b . It indicates that the high peak is around 1800Hz, which is consistent with the black curve. This phenomenon demonstrates that the corner state is topologically protected and exhibit the strong robustness against the moderate defects. All measurements were carried out by a scanning laser Doppler vibrometer (LV-S01), seeing Methods in the Supplemental Material. In general, this research proposes a pseudospin-valley-coupled phononic TI in a continuous elastic system which simultaneously possesses the gapped edge states and the topological corner state. By manipulating the distance between neighboring magnets, the pseudospin-orbit coupling edge states are induced by the lattice deformation. Besides, the valley-polarized gapless edge state can be obtained by the mirror-reflection symmetry breaking. When the lattice deformation and the mirrorreflection symmetry breaking are introduced simultaneously, the topological gapless edge states evolve to be gapped and the topological corner state emerges. As the frequencies of topological edge states in the distinct DWs are different, the elastic wave energy can be well localized at different DWs in a well-control means. For the corner state, the elastic wave energy is well concentrated at the intersection of the four types of DWs. Our work provides a reconfigurable platform for the well-control of the multiple edge states and the corner state as the pseudospin-valley coupling is tunable.
The potential applications of our pseudospin-valley coupled phononic topological insulator in the elastic energy recovery and the highly sensitive sensing is also promising.
